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COMPARISOSr 01 I-FTEECOOLEE CHARACTEEISTIC-S 
By J.- George Eeniter and Michael F. Valerino 



SUMMARY 



A method is presented of comparing the performance, 
weight, and general dimensional characteristics of inter- 
coolers. Ihe performance and dimensional characteristics 
covered in -the comparisons are cooling effectiveness, 
pressure drops and v/eight flows .of the charge and cooling 
air, pov;er losses, volume, frontal area, and width. 

A method of presenting intercooler data is descrihed 
in which two types of charts are plotted; (l) A perform- 
ance chart setting forth all the important characteristics 
of a given intercooler and (2) a replot of these charac- 
teristics for a number of intercoolers intended to assist 
in making a selection to satisfy a given set of installa- 
tion conditions. The characteristics of commercial in- 
tercoolers obtained from manufacturers' data and of some 
computed designs are presented" on this "basis. 

A standard test procedure and instrumentation are 
suggested whereby comparable data may be obtained by. dif- 
ferent testing organizations. 



INa?E0DUCTI03!T 



The temperature drop in the charge provided by any 
given intercooler depends on the temperatures, the den- 
sities, and the pressure drops of the charge and cooling 
air. Because of the large number of possible combinations 
of intercooler sizes and operating conditions, a concise 
method of presenting intercooler data is required. A 
method of presenting intercooler data is suggested in this 
report in which by the use of the proper factors the same 
performance charts apply regardless of operating condi- 
tions or intercooler width (that is, the dimension at 
right angles to the directions of charge and cooling-air 
flows) , provided the other intercooler dimensions are held 
constant. Intercooler manufacturers usually select for 
production a few of an unlimited number of combinations 
of intercooler dimensions and internal arrangements, leav- 
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ing the inter cooler w id th to the choice of the customer. 
Thus, a few charts will present the performance of the 
entire stock of intercoolers listed ty any manufacturer. 
The performance charts for all the commercial intercoolers 
on which data could be obtained are given in this report. 

The characteristics of importance in selecting an 
intercooler to provide a given cooling effectiveness 
(drop in charge temperature per degree difference between 
inlet temperatures) for a given engine and flight condi- 
tion are: the. pressure drop of the charge, the weight 
flow of the cooling air, the intercooler weight, the vol- 
ume and core dimensions, and the associated power losses. 
Changes in certain intercooler dimensions may improve some 
of these characteristics to the detriment of others. All 
factors must he helid within limits which vary with differ- 
ent installations. Thus, intercoolers cannot be compared 
on the basis of a single characteristic but rather on the 
basis of curves setting forth the various characteristics. 
Based on the performance charts previously mentioned, 
charts are presented on which the important dimensions and 
performance characteristics of the various commercial in- 
tercoolers are compared. These comparison charts provide 
a means of quickly determining the intercooler having the 
characteristics best suited for a given installation. A 
comparison between the commercial intercoolers and several 
theoretical intercoolers of the tubular type is also shown. 

In order to insure a fair comparison of intercoolers 
of various manufacturers, a standard test procedure is 
suggested. 



SYMBOLS 



rate of air flow, pounds per second 

length in the direcljion of air flow, inches 
tube diameter, inches 

clearance between tubes perpendicular to flow 
across tube. Inches 

tube pitch in direction of flow across tube banks, 
inches 



M 
\ 
d 

8 



m 



number of tube banks in 
tube 



direction of flow across 
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V/ intercooler weight, pounds 

V intercooler volume, cutic inches 

Ai core face area at right angles "to cooling-air 
flow (frontal area), square inches. 

w intercooler width (core dimension perpendicular 
to both charge and cooling-air . flows) , inches 

H heat-transfer rate, Btu per second 

h heat-transfer coefficient per unit width "based 
on the area of the intercooler section per- 
pendicular to the intercooler width, Btu per 
second per square inch per of per inch of in- 
tercooler width 

Ap pressure drop of air across intiercooler , inches 
of water 

a density of air relative to standard atmosphere 



standard atmospheric density (0,0765 Ih per 
cu ft) 



P power, horsepower 

T cooling-air temperature at intercooler entrance, 
op 

temperature rise of cooling air, °F 

Tg temperature difference between charge and cooling 
air at intercooler entrances, °r 

^'^ex temperature difference between charge at exit and 
cooling air at entrance, oj 

- Is 

r\ cooling effectiveness, ^ 

Subscripts i and s refer to cooling air and 
charge, respectively, and subscripts en and av, to 
entrance and average conditions. 



ANALYSIS 



A "specific" intercooler is defined as one in which 
the internal • structure and the flow passage lengths are 
fixed and only the dimension w is yariahle. An examina- 
tion of equations (16) , (l?) , and (18) (see appendix) 
shows that the cooling efficiency Of a given "specific" 
intercooler is a function only of h-, M^/Mg, and Mi/w. 
But h is a function of Mi/Mg and M^/w; therefore sym- 
holically ■ • • 

, = Si) (1) 



Furthermore 



M 

i = Ki(a, Ap,)^i (2) 



and 



K2(a2_ Apa)''^ (S) 



w 



•av 



where K^, Kg, ni, and ng are constants. 
Therefore , 

Ti = f i(cJiav ^Pi' ^2av ^Ps^ ^'^^ 
Thus, for a givien value of ai^ySkp^ ^or » 

or 

n = faCMjMg) (6) 



therefore the relations of r\ to , J^Vs and to Mi/Mg 

for a specific intercooler, can each he expressed by a 
single curve for a given value of i* 
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The cooling performance of a specific intercooler 
can be completely described "by curves of n plotted 
against ^i^v ^'^av ^^'^ (equation (4)), Mi/w 

against '^^ <ipi (equation (2)), and Mg/w against 

Cf3„„^P3 (e<iuation (s)). The performance data may be 

obtained by testing a single intercooler, and, when plot- 
ted in this form, the data apply, for all widths of this 
specific intercooler. The. curves are also general with 
regard to charge and cooling air density and temperature. 



Other characteristics of the specific intercooler 
may be graphically expressed in terms of Og Apg an( 

& V 

Ti for a given value of '^xq^^ i follows? 



The intercooler volume per unit charge flow is 

By equation (s) xv/Mg , the intercooler width per unit 
charge flow, may be expressed in terms of CJg Apg and 

by equation (5) in terms qf t\. Likewise^ the intercooler 
weight per unit charge f lo»; 

. Mg W Mg 



is a function of n. This is true also for the frontal 
area per unit charge flow: 



Mg " Ms 



(9) 



The horsepovrer required to force the cooling air 
through the intercooler per unit charge flow is given by 



^Xav „ 5.2Mx Ox^^ Ap. 



Ma Ma 550 



(10) 



Po 



in which M^/Mg may be expressed in terms of r\ by means 
of equation (s). If the cooling air is discharged from 
the intercooler into a compartment in wh.ich the air veloc- 
ity is practically zero, the total-head loss is 



j I: 



^aT . , av 10.4 \ w ; Vgpo-ls^y 

and the associated povrer loss is given 'by 

1/Mi\2/ 1 



Ms Ma 550 



(11) 



The total-head loss ^Pi^ and the associated povrer 
loss desired, can "be computed and included in 

the figures where these values occur. The power loss 
given ty equation (ll) does not strictly represent the 
airplane drag horsepower due to the intercooler since no 
account is taken of the Meredith effect which depends on 
flight conditions. 

The horsepower recjLUired to force the charge through 
the intercooler por unit charge flow is given Isy 

OgS Pg 5.203 Apa 

av av / V 

u = ^ ^12) 

Ma 550 

and is also a function of Ti hy equation (5). 

The relative densities ( CJ) in the foregoing equa- 
tions are average densities. The average densities can 
■fae calculated from the entrance densities by means of the 
following relations: 

/ 2 +• 3i \ , , 

a. = a, — • i- (13) 

W . ^eJi \ S + 2p 1 / 

Ti (Ma/Ml) n Tg 

where i = 



To + 460 Tjj + 460 



where ^a = 



^en \ 2 ^ gpj ^-^^^ 

nTg 



Tg + Tq + 460 
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- Sq.uati.ons (13) and (14) are shown graphically, in fig- 
ure' 1, The effect of pressure, change through the inte-r-« . 
cooler has Ijeen neglected in these equations 'because this 
effect is usually small. Where large pressure drops occur, 
the density may be corrected for change in pressure "by 
means of the relation, that dens ity varies directly with 
a'bsolute pressure.: 



TEST ASSEMBLY AHD METHOD 

for the purpose of standardizing intercooler testing, 
the follow-ing test assem'bly and procedure are suggested: 

The eqiiipment aecessary for testing intercoolers 
should consist essentially of a varia'ble-speed motor- 
driven hlower, an air heater, two. air-flow meters, manom- 
eters, and thermocouples with auxiliary instruments., Air- 
flow measurements may he made by means of orifice plates 
placed in the air streams .in accordance with the procedure 
outlined by the American Society of Mechanical Engineers 
(reference l) . The charge should be supplied to the in- 
tercooler at a temperature considerably higher (say 200° F) 
than that of the cooling air in order to promote accuracy 
in the measurement of cooling effectiveness. The width 
of the unit tested will be governed by the capacity, of the 
blower and the heating capacity of the air heater. Static- 
pressure tubes should be installed near exits and entrances 
of the intercooler block for the measurement of pressure 
drop in the charge and cooling air across the intercooler. 
The entrance and exit ducts should be of uniform cross 
section between the intercooler and the static-tube posi- 
tions. The static tubes at the exits should be placed at 
a sufficient distance downstream from the block in order 
to permit the flow to adjust itself to the change in flow 
area. A distance of 8 or 10 diameters (tubular type.) or 
plate spaces (plate type) is probably safe. The static 
pressure taps should be located in positions where they 
will not be affected by yelocity head and should have en- 
trance sections free from surface irregularities. Tubes 
for measuring total head .should be placed at the same dis- 
tances from the intercooler block as the static pressure 
taps, . : .,. 

Thermocouples placed at various positions across each 
entrance and exit duct provide a means of determining in- 
let and outlet temperatures. There should be probably one 
thermocouple for each 4 or 5 square inches of flow section 
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across which the thermocouples are dis tr ihuted. The air 
stream should he thermally insulated from the surrounding 
atmosphere "between the thermocouple positions and the 
test unit. The thermocouples across any section may he 
connected in series in the cold- junction "box; the total 
voltage of the group, when divided hy the humher of ther- 
mocouples in the group should yield a satisfactory mean- 
temperature indication. Baffles should he placed upstream 
from all the thermocouples in order to insure uniform 
temperature distrlhution, • Greater accuracy will he as- 
sured if the thermocouples are provided with shields to 
eliminate radiation effects. 

• A numher of series of tests should he made; for a 
given series one weight flow should he held constant 
while the other weight flow is varied.- The values of 
Mx/w and Mg/w should he chosen to cover the useful 
range of the intercooler. The necessary data to he used 
in determining the performance of an intercooler are: 

1. Weight flow of cooling air per unit width 

2. Weight flow of charge per unit width 

3. Outlet and inlet cooling-air temperature 

4. Outlet and inlet charge temperature 

5. Outlet and inlet charge static pressure 

6. Outlet and inlet cooling-air static pressure 

7. Outlet and inlet charge total head 

8. Outlet and inlet cooling-air total head 

The following information should he included with 
the performance data: 

9. Core weight per unit core width 

10. Complete intercooler weight per unit core width 

11. A sketch showing all internal and external dimen- 

sions . 
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DISCUSSION 
Types of Plow.. 



Figure 2 gives the cooling effectiveness of cross 
flow, counterflow,. and parallel flow as a function of the 
weight flow of charge and cooling air, the over-all heat- 
transfer coefficient, and the • intercooler surface. The 
curves are a plot of equations (16), (17), and (18) of 
the appendix. In the cases of parallel flow and counter- 
flow is the dimension parallel to the direction of 
air flow^and' I3 is the dimension at. right angles to l^^ 
in the plane across which heat is transferred. I'igure 2 
shows that on the "basis of cooling effect iveness counter- 
flow is slightly "better than cross flow and greatly su- 
perior to parallel flow. Because of practical diff iculr- 
ties encountered in arranging efficient counterflow pas- 
sages, no commercial ii^tercOQlera .of this type have yet 
appeared.' ... 

Figure 2 indicates that the cooling surface of an 
intercooler may be of such magnitude that any additional 
surface would increase, only slightly the cooling effec- 
tiveness because of the flattening tendency of the curves. 
This point should be considered in design because of the 
increase in pressure dtop, weight, and volume with cool- 
ing surface. It may be noted further that the flattening 
tendency is more abrupt and occurs at lower values of the 

abscissa ^'^I'^sii when the weight-flow ratio K^/Us is 
large. 



.Performance Charts for "Specific" Intercoolers 

The method of plotting performance data for specific 
intercoolers suggested in the analysis is followed in 
figures 3, 4, 5, and 6, in which O^g^^ Api is plotted 

against Oq ■ Aps for a number of values of 'n. The 
av 

figures also include a plot of Oi Ap^ against Mi/w 
and of O3 Apg against Mg/w. The external dimensions 

and the weight per unit width of the intercooler core are 
given in each of the figures. As previouisly pointed out 
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in the analysis, the data in each figure apply to an in- 
tercooler of any width w, provided all other dimensions 
remain at fixed values. It is evident that the curves for 
each specific intercooler may he obtained hy testing only 
one intercooler unit of any convenient width. 

Pigure 3 gives the data on all the Harrison inter- 
coolers and figure 4 gives the data on all the Airesearch 
intercoolers on which information could he found. figure 
5 is an illustrative perf orinance chart for a specific 
charge-through-tuhe intercooler calculated from reference 
3. Pigure 6 is a similar chart for two specific charge- 
across-tuhe intercoolers calculated from reference 2. 
Figures S and 4 were plotted from experimental data fur- 
nished hy the manufacturers (reference 4), and no attempt 
has "been made at this lahoratory to check the accuracy 
of these data. 

The lines with arrows in figure 3(a) show the method 
by which the chart may he used, I'or a given value each 
of Cfiav ' ^ value of ^^3^^^ Apg may he read 

at the hottom of the chart. Tor this value of (73„„ Aps 

a corresponding value of Mg/w may he "read at the right, 

using the long-dash curve. The relation of a, Ap, to 

^av ^ 

Mi/w is given hy the short-dash curve, the value of M^/w 
being read at the top. Performance at any altitude is ob- 
tained by assigning the proper values to a. and 



An example of the use of figure 3(a) follows: 
Assumptions: 

1. Altitude, ft 13,200 

2. Brake horsepower. . . . 1,000 

3. Weight flow of ^charge, lb per sec .... 1.74 

4. Cooling-air pressure drop Ap j., in* 

of water 9 

5. Charge inlet temperature, °P 200 

6. Charge inlet pressure, in. Hg ..... . 40 

7. Cooling-air inlet temperature (standard 

altitude) , °P ....... . 12 

8. Required charge outlet temperature, . . 78 
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Let it be required to find the values of cooling ef- 
fectiveness n . charge pressure drop Apg, intercooler 
width w, cooling-air weight flow M^^ , and intercooler 
weight' W. , 

9. ' From items 5, 7 , and 8, ti = ~ '^^ = 0.65 

■ 200 - 12 

10. from a tahle of standard altitude and item 4, 

Oig^" = 0.667 for 13,200 feet; therefore 

Apj^ = 6 inches of water 

In item 10, "^iga ^® used as a first approximation. 

The value of O can he foxmd after M, /Ma has "been 

lav iJ o 

determined. 

11. From figure 3(a) and item 10, Mi /,w = 0.155 pound 

per second per inch (first approximation) 

12. From figure 3(a) and items 9 and 10, Mg/w = 0.07 

pound per second per inch (first approximation) 

13. From items 11 and 12, Mi/Mg = °n = 2.21 (first 
■ approximation) -'^'^ 



14'. From figure 1(a) and items 5, 7f .9 • 10, and 13, 
^lav 0'667 X 0.95 = 0.632. 

15. From items 4 and 14, Oi^^^ Ap^ = 9 x 0* 632 = 5.70 



inches of water 
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16. Froiii figure 3(a) and item 15, Mj^/w = 0.150, pound 

per second per inch 

17. From, figure 3(a) and items 9 and 15, Mg/w = 0.068 

. pound per second per inch; therefore, from item 

16, M./Mg = ^jlIBO ^ 2.21, which checks item 
. Q.068 , • 

13, ,thus indicating that the first approxima- 
tion from Mi/Mg is correct. Because 
^ig^^/^igj^- changfes only slightly with change 

in Mi/Mg, a second approximation for 
CTj^^/ji is not required even if some differ- 
ence "betv/een the values of M^/Mg in items 13 
and 17 occurs 
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18* from f.ignre 3 (a.) and items 9 and 15., CTg^^Apa = 
.1.83 inches of water 

19. Prom items 5 and 6, CTsen ~ ffl" " there- 

fore from figure 1(13) and items 5, 7, and 9 
^s^^ = 1-05 X 1.11 = 1.17 

20. Prom items 18 and 19, Apa =1.83/1.17 » 1.57 

inches of water 

21. Prom items 3 and 17, w = 1.74/0.068 = 25,5 inches 

22. Prom items 16 and 21, = 0.150 x 25.5 = 3.84 

pounds per second 

23. Prom figure 3(a) and item 21, ¥ = 4 x 25.5 = 

102 poTinds 



Comparison of Intercoolers 

For the purpose of comparing a number of intercoolers 
on the hasis of their important characteristics, a method 
of plotting may he used as suggested in. figure 7 where the 
cooling effectiveness is varied by varying w/Mg. Each 
curve in this figure represents a specific intercooler. 
The data for figure' 7 are calculated from the individual 
performance charts for intercoolers 1 to Q (figs. 3 and 4) 
and by means of equations (7), (8), (9), (LO) , and (12). 
Intercoolers 25, 26, and 27, for which the performance 
charts are given (figs. 3(g), 3(h), and 3(i)), are not in- 
cluded in the comparison chart (fig. ?). All intercoolers 
are identified iif numbers, and this identity is maintained 
in all figures and throughout the report. 

In figure 7 a comparison is made of six Harrison and 

two Airesearch intercoolers of various dimensions and, 

where possible, at three values of a. Ap, . The complete 

J-av ■'• 

intercooler weight values are given for these intercoolers, 
and the dimensions are those -of the cbre. 

It may be seen in figure 7 that a, Ap, has little 

■^"av ^ 

effect on .the comparison of these, intercoolers ; eo the 

comparison can be made at any value of a Ap, * Examina- 

■•■av ■'■ 

tion further reveals that for a given cooling effectiveness 
the Airesearch intercoolers are lighter but larger in vol- 
ume and frontal area than the Harrison. 
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An examination of the curves for the Harrison inter- 
coolers, in figure 7 shows that, for the same cooling ef- 
fectiveness and cooling-air pressure drop, lengthening 
the intercooler in the direction of charge flow (I3) re- 
sults in a decrease in cooling-air flow, volume, weight, 
and frontal area at the expense of a marked increase in 
charge pressure drop. Increasing the cooling-air flow 
length (ij^), for a given cooling effectiveness and cool- 
ing-air pressure drop, decreases the cooling-air flow and 
charge pressure drop at the expense of increased weight 
and volume. 

The selection of an intercooler depends on the rela^- 
tive importance of its various characteristics with regard 
to a particular installation. For example, figure 7 shows 
intercooler 6 to he desirable if low weight and volume 
are essential. This advantage is attained, however, at 
sacrifice of increased pressure drop in the charge air. 

If a low value of CJg Ap^ is desired, weight and volume 

civ 

heing of secondary importance, intercooler 1 is the logi- 
cal choice.- The choice between the Harrison intercooler 
and the Airesearch intercooler depends largely on the rela 
tive importance of weight, volume, and frontal area accord 
ing to figure 7. 

Pigure 8 is a plot similar to figure 7 in which two 
of the Harrison intercoolers of figure 7 are compared with 
tuhular intercoolers of the charge-across-tuhe type. The 
tuhular intercoolers were designed from charts published 
in reference 2 with internal and external dimensions se- 
lected to match approximately the relations exis ting . be- 
tween CJg Apg and r\ for the two Harrison intercoolers 

Thus, for given values of ti , C^2a,y ^Ps » *^iav ^Pi • 
M3, the intercoolers are compared on the basis of the re- 
maining characteristics.. The tubular intercoolers of 30 
banks represent the "bloak" type while those of five banks 
represent the annular- shap.e intercooler as described in 
reference 2, All internal and external dimensions of the 
tubular intercoolers are given in the table at the right 
of the figure or may be computed from it. The weight 
values given for these intercoolers are core weights 
only, and this point should be considered when making 
comparison with th'e commercial types where complete 
weights are given.. The tube arrangement is such that the 
tube centers lie on the apexes of equilateral triangles. 
From the standpoint of volume, the equilateral tube ar- 
rangement does not give the optimum intercooler. A re- 
duction of the intercooler dimension in the direction of 
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charge flow aad thus a redtiction in volume can "he made "by 
decreasing within limits the tube spacing in this direc- 
tion without material change in. the other characteristics 
of the intercooler. 

A study of ihtercoolers 16 to. 24 .reveals certain 
effects of tube length and spacing. The effect of increas- 
.ing 1 3^ for a. given value each of ''lav ^Pi' ^'^ar • 
and Ti increases' weight and vcltime: but decreases frontal 
area, width, and cooling-air flow.' Tinder given conditions 
of ^icty ^•^^ ^ ^ decrease in tube spacing decrea,-ses 

all other variables except ^s^v • ^^i^^,^ consider- 
ably increased. (See curves 16 and 19 of fig. 8..) Small 
spacing is therefore desirable it ' a^^^ Apg is not an 

important factor. 

In figure 9 a comparison is made of the Harrison in- 
tercoolers 1 and 3 of figures 7 and 8, an Airesearch in~ 
tercooler 7 of figure 7, and a nujflber' of charge-through*- 
tube intercoolers designed from charts published in refer- 
ence 3. As in figure 8, the chart designs were chosen to 
match approximately the relations of ^Sav against' ■ 

r\ for the commercial intercoolers. Intercoolers 9 to 15 
have their tjube centers on the apexes of equilateral tri- 
angles. As previously pointed out, thi.s, arrangement is 
not optimum fr.om the standpoint , of volume. Intercoolers 
28, 29, and 30 are identical with. 9, IQ, and 13, respec- 
tively, in all dimensions except thiat .the tube spacing in 
the direction of cooling air flovr Sp,' and hence \ i, has 
been decreased. It is seen that this ..change causes a 
marked decrease in volume without change in the other in- 
tercooler characteristics. The effdct of changes of Sp 
is discussed in greater detail ip reference 3. 

Comparison of curves 9., 10, and" 11 shows the effect 

of varying Is/d when other dimensipns were altered , to 

provide the same curve of Oa Apg against n .for the 

av 

three intercoolers. When Is/d is increased under these 
conditions, there is an increase in weight and a decrease 
in cooling-air flow, volume, and width. To maintain the 
condition of constant '^Sg^^ APs as Ig/d is increased, 

the tube spacing s is decreased and I i v therefore is 
reduced. 
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COICLUDllG ElMARES 



The cross-flovr intercooler is not the most efficient, 
although it is pr.obahly the most practical type. 

The selection of an intercooler to satisfy a par- 
ticular group of conditions is greatly simplified hy the 
proper correlation of the test data furnished "by the manu- 
facturer, and it is helieved that the methods suggested 
in this report should prove of material assistance in mak- 
ing such selection. 

The final choice of any intercooler must of necessity 
he a compromise among conflicting factors, and the nature 
of the compromise' will depend largely, upon, the relative 
importance assigned to these factors. 

The Harr'isoh' and Airesearch intercool.ers excel each 
other in different qualities, the former in volume and 
the latter in weight. 



Langiey Memorial Aeronautical Lahoratory, 

national Advisory Committee for A.eronaut ics , 
Langiey .• Field , Va. 
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APPENDIX 



Figure 10 represents a section of an intercooler of 
unit width perpendicular to the dimension w through 
which heat is "being transferred from charge to cooling 
air,- the direction of the air streams being at right an- 
gles, to each other (cross flow).' The heat flov^ing through 
an elemental area dx dy Of this section at distances y 
and X from the charge and cooling-air entrances, respec- 
tively, is 



M = hs dx dydsy-T^) = hi dx dy(T„-Ti^) = |2: ^ Cp dli^ 



dH 

= n.3 ax o.y\ xg^-Xy) - ax ay\. x„-Xi ; = -= 

•3 

Eliminating Ty, and separating variables. 



T 



d'^i- w Is hg dx w Is h 

— — — - c[x 



where h is the over-all heat-transfer coefficient per 
unit intercooler width "based on the area Is. Inte- 

grating "between limits ,fo 0 and 1 , to 0 along ■ 

ex ■ 

the elemental strip in the direction of 'the cooling-air 
flow and regarding Tg as constant along the strip 

Jrom figure 10 it may "be seen that 

- -5^^ c, dT= = ^ iii. Tx 
w P '^y \z w P . ^ex 

and hy substituting in equation (15) 

wl.lshX 



dT 



!z , . M, c. 



1 - e "1 "p / dy 



'sy ^sMa 

Integrating "between the limits Tg to Tg „ and 0 to 



'ex 



X 



2 gives 
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Ms 



1 - e 



'P 



•Sex 



= 1 - n 



or 



T1 = 1 



'^1 
Ms 



e Ml Cp 



\ 



(15) 



By a similar procedure the cooling effectiveness for 
counterflQw is .M^ wl^ Xsh 

1 - -® 



^1 .°p 



Ml c 



P 



'1 
Ms 



1 - 



M 



1 ^ 3J 



3 e 

Ml _ wl ilah 
e MiCp 



(17) 



and for parallel flow, 



1 - e 



w 1 1 1 gh 

M, c^ 



Ml wt ilsh 

Ms Cr> 



Ms/M, + 1 



(18) 



Equations (l6), (17), and (18) sho^ir that the cooling 
effectiveness for, the three types of floiif depends on 
Mi/w, Mi/ijg, h, Ij, and Ig. 'These equations are based 
on tlie assumption that is constant along a line at 

right angles to the direction of the charge ■ flow .. This • 
assumption is not strictly valid for ciross flow (equation 
(is)); it isshown, however, in references 2 and 3 to in- 
troduce small error in the range of practical intercooler 
operation. The assumption is valid for counterflow and 
parallel flow; so equations (17) and (18) are rigorous. 
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Figure 3a to i - Performance charts for Harrison intercoolers. 
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(e) Intercooler 5. (f) Intercooler 6. 
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(g) Intercooler 25. (h) Intercooler 26. 

ll = 8 in., \z = 10 in., W/w = 3.2 lb/in. Xi = 8 in., \2 = 14 in., W/w =4.1 lb/in. 

Figure 3.- Continued. 
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Figs. 3i,4a,b,5 



M Jw, Iblsecjin. 
0 .1 .2 .3 .4 



M. Iw, Iblsecjin. 
.1 .2 .3 




(i) Intercooler 27. 

\\ =.8 in., Ig = 18 in., tf/w = 5.1 lb/in. l;^ = 10.6 in., = 25 in., W/w = 2.5 lb/in. 



Figure 3<- Concluded. 



Figure 5.- Performance chart for charge- 
through-tube type intercooler 10. 
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(a) Intercooler 7. (b) Intercooler 8. 
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Figure 4.- Performance charts for Airesearch intercooler s. 
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(a) Intercooler 18. (b) Interoooler 24. 
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Figure 6.- Performance chart for charge-aoross-tube type intercooler. 
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Figure 10.- Diagram of heat exchange through a section 
of a cross-flow intercooler. 



